Introduction
Monoclonal antibodies have improved significantly the therapeutic options of patients and are standard in the treatment of cancer today [1] [2] [3] [4] . However, a considerable number of patients still do not benefit from antibody therapy and relapse remains a serious issue. Thus, further optimization of the antibody molecule to achieve a higher therapeutic efficacy represents a major area in current translational research.
New avenues for the generation of rationally designed 'fit-forpurpose' antibodies were opened by a better understanding of antibody effector functions and their relative contribution to the antibody's therapeutic efficacy. Effector functions of antibodies are complex, and antibodies are able to kill cancer cells by various mechanisms in vitro ( fig. 1 ). These include direct induction of cell death by receptor cross-linkage or blockade of receptor-ligand interactions, complement-dependent cytotoxicity (CDC), and recruitment of effector cells for antibody-dependent cell-mediated cytotoxicity (ADCC) or antibody-dependent cellular phagocytosis (ADCP) by engagement of activating Fcγ receptors (FcγR). In particular, as revealed in various animal models, Fc-mediated effector cell recruitment and functions such as ADCC or ADCP were suggested to play crucial roles for tumor-targeting antibodies. For example, the antibodies rituximab or trastuzumab lost their therapeutic activity in genetically modified mice either lacking expression of activating FcγR or being defective in FcγR signaling, while their efficacy was enhanced in FcγRIIb knocked-out mice [5, 6] . Moreover, analysis of isotype switch variants with different ratios of affinities to activating and inhibitory FcγR (A:I ratio), revealed that antibodies with a higher A:I ratio had superior therapeutic activity [7] . However, the role of distinct FcγR is complex, as FcγRIIb binding promoted the pro-apoptotic activities of agonistic antibodies targeting members of the tumor necrosis factor receptor superfamily [8] [9] [10] [11] . The importance of FcγR engagement was also sup-
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Summary
In the last two decades, monoclonal antibodies have revolutionized the therapy of cancer patients. Although antibody therapy has continuously been improved, still a significant number of patients do not benefit from antibody therapy. Therefore, rational optimization of the antibody molecule by Fc engineering represents a major area of translational research to further improve this potent therapeutic option. Monoclonal antibodies are able to trigger a variety of effector mechanisms. Especially Fc-mediated effector functions such as antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and complementdependent cytotoxicity (CDC) are considered important in antibody therapy of cancer. Novel mechanistic insights into the action of monoclonal antibodies allowed the development of various Fc engineering approaches to modulate antibodies' effector functions. Strategies in modifying the Fc glycosylation profile (Fc glyco-engineering) or approaches in engineering the protein backbone (Fc protein engineering) have been intensively evaluated. In the current review, Fc engineering strategies resulting in improved ADCC, ADCP and CDC activity are summarized and discussed.
ported by clinical observations showing that homozygous expression of the FcγRIIIa-V158 allele and/or the FcγRIIa-H131 allele correlated with higher response rates and prolonged overall survival [12, 13] . FcγRIIIa-V158 binds the IgG1 Fc domain with higher affinity compared to FcγRIIIa-F158, resulting in stronger ADCC activity [14] . The functional consequences of FcγRIIa-H131 versus FcγRIIa-R131 engagement are not yet understood in detail. In addition, the relative contribution of selected effector cell populations (i.e. NK cells, monocytes, macrophages, granulocytes), has not been completely clarified [15] [16] [17] .
Whereas the observations outlined above indicate that efficient FcγR engagement determines the efficacy of therapeutic antibodies in patients, the role of complement has not strictly been proven. In certain mouse models C1q knockout resulted in loss of therapeutic activity of rituximab [18, 19] pointing to an important role of CDC in tumor cell elimination, but this was not observed in other animal models [5, 7, 16] . In patients, clear evidence is lacking. However, rapid consumption of complement during rituximab infusion and the observation that application of plasma as a source of complement increased the clinical efficacy of rituximab at least in individual patients may suggest a contribution of CDC in antibody therapy [20, 21] .
Further complexity derives from the fact that complement may also affect effector cell-mediated killing. Thus, both complement deposition and anaphylatoxin formation were shown to enhance effector cell cytotoxicity, indicating interplay between complement and Fc receptor-mediated killing in distinct situations [22, 23] . Intriguingly, as demonstrated for rituximab, in other situations complement fixation may impair ADCC activity and therapeutic activity [24, 25] . Thus, C3b deposition triggered by target cell-bound antibodies was shown to hinder the interaction of the antibody with FcγRIIIa on NK cells, resulting in diminished ADCC [24] . Therefore, efficient complement fixation is beneficial when induction of CDC, complement-dependent cell-mediated cytotoxicity (CDCC), or complement-dependent cellular phagocytosis (CDCP) is possible [26] . However, when not, it may even impede other effector functions and potentially diminish therapeutic effects. In conclusion, available experimental evidence may suggest that only a selected repertoire of effector functions is available depending on target antigen characteristics, tumor type, tumor burden, tumor location, antibody isotype, and availability of distinct components of the patients' immune system [27] [28] [29] .
Based on these observations, antibody Fc engineering strategies were developed with the aim to further improve the performance of therapeutic antibodies by enhancing the antibody's ability to induce CDC or to trigger effector cell-mediated killing [30] [31] [32] . In addition, other modifications were established to abolish selected Fc functions, which for example may allow reducing unwanted side effects. Here, different Fc engineering technologies to improve ADCC and CDC activity of human IgG1 antibodies are summarized. [81] ) with antibody light and heavy chains depicted in light grey and dark grey, respectively, and the glycans attached to amino acid N-297 in black (VL, VH, antibody variable regions of the light and heavy chain; CH1-3, constant heavy chain regions 1-3; CL constant light chain). The effector functions of therapeutic antibodies in cancer therapy include direct mechanisms of action, which are mediated by the Fab domain, and indirect functions, which in addition require the Fc portion. Long plasma and body retention times are due to antibody uptake and recycling by interaction of the Fc domain with the neonatal Fc receptor. Fig. 2 . N-297 attached glycans in antibody effector functions. IgG antibodies typically contain a glycan (black) attached to amino acid N297 in each heavy chain (dark grey, heavy chain, light grey, light chain). The N-297 attached glycan contains a core structure comprising N-acetylglucosamine (GlcNAc) and mannose (Man) residues, which can be extended by fucose (Fuc), a bisecting GlcNAc and galactose (Gal) and sialic acid (NANA) residues.
Enhancing ADCC and ADCP Activity
Glyco-Engineering
The presence of the oligosaccharide attached to the asparagine residue at position 297 (N297) in IgG1 antibodies is critical for binding to FcγR and the complement factor C1q ( fig. 2) . While non-glycosylated antibodies displayed significant structural changes in the CH 2 domain [33] leading to a closed conformation hindering binding to FcγR or C1q, antibodies with a monosaccharide attached to the Fc domain still mediated effector functions via FcγR [34] . The impact of Fc glycosylation on antibodies' ADCC activity was supported using CAMPATH-1H expressed in different cell lines resulting in distinct glycosylation profiles [35] . Based on these and other related observations, controlled alteration of the Fc-attached oligosaccharide to manipulate Fc-mediated antibody functions became one major issue in antibody engineering [36] . In particular, a reduced content of fucose or sialic acid was correlated with improved ADCC activity ( fig. 2 ; table 1) [37, 38] . Based on these findings, various strategies have been developed allowing rational engineering of the glycosylation profile to boost ADCC.
For reduction in core fucosylation different technologies are available. The most straight forward approach is the use of cell lines, such as the Lec13 CHO mutant with reduced capacity to incorporate fucose in the antibody-attached oligosaccharide [39] . In addition, generation of completely non-fucosylated antibodies was achieved by knockout of the FUT8 gene encoding the α1,6-fucosyltransferase (α1,6-FucT) in cell lines such as CHO (Potelligent ® technology) [40] .
In an alternative approach, overexpression of N-acetylglucosaminyltransferase III (GnT III) led to the attachment of a bisecting GlcNAc residue (GlycoMAb TM technology), directly resulting in improved FcR binding [41] . Importantly, the bisected oligosaccharide is not a suitable substrate for α1,6-FucT, resulting in non-fucosylated antibody species [42] . By applying this strategy, an antineuroblastoma antibody was glyco-engineered. The 20-fold improvement in NK cell-mediated ADCC correlated with the relative content of bisected, non-fucosylated oligosaccharides [43] . Similar results were observed for a glyco-engineered rituximab variant [41] and a CD19 antibody [44] . Subsequently, alternative strategies have been developed to reduce core fucosylation in mammalian cells (table 1) [40, 41, 43, 45] . Mainly mammalian cell lines have been used in the production of glyco-engineered antibodies, but also non-mammalian expression hosts such as yeasts and plants genetically modified to allow production of antibodies with defined carbohydrate structures might be an option. Besides engineering the expression host, also chemo-enzymatic modification has been used for rational remodeling of Fc-bound N-glycans. Although antibodies with well-defined carbohydrate structures and optimized effector functions can be realized, a more complex production process may generate additional costs [46] .
From a mechanistic point of view, Ferrara and colleagues [47] unraveled that high affinity interaction of human IgG1 with FcγRIIIa is due to reciprocal action between the receptor carbohydrate and areas of the antibody's Fc part that are only accessible when fucose is lacking. Importantly, co-crystal structures of FcγRIIIa and non-fucosylated Fc domains suggested that the Nglycan structure at the asparagine residue at position 162 (N162) of FcγRIIIa interacts with the Fc-bound carbohydrate structure [48, 49] . FcγRIIIa and FcγRIIIb are the only human FcγR which are glycosylated at this position, explaining the selective increase in the antibodies' affinity for FcγRIII [47] [48] [49] .
Besides the obvious impact of fucose levels on FcγRIIIa-triggered NK cell-mediated ADCC, also the cytolytic and phagocytic activities of neutrophils expressing the highly homologous FcγRIIIb isoform is modulated by lack of core fucosylation. While phagocytosis of target cells coated with non-fucosylated antibodies was improved [50] , in another study impaired neutrophil-mediated ADCC was observed after removal of fucose [51, 52] .
Besides fucose, also other sugar residues in the Fc-attached oligosaccharide were shown to modulate ADCC activity. Recently, hypergalactosylation of IgG1 was correlated with enhanced ADCC activity [53] , although the effects were less pronounced compared to removal of fucose. Also, incorporation of a bisecting sugar residue by enzymatic remodeling resulted in enhanced ADCC activity [54] . Scallon and colleagues [55] demonstrated that for selected antibodies a higher level of sialic acid resulted in reduced ADCC activity, while for other antibody specificities differences in sialic acid levels had no impact on FcγRIIIa binding but unexpectedly on antigen binding capacity. Expression of modified sialidase A in host cell lines resulted in expression of non-sialylated monoclonal antibodies, consistently demonstrating stronger ADCC activity than sialylated counterparts [56] . [58] [59] [60] . Although many of the described amino acid exchanges enhanced affinity to FcγRIIIa, these variants often differed in their affinities to other FcγR. Lazar and colleagues [59] generated an Fc variant (S239D-I332E) with enhanced FcγRIIIa binding affinity which also displayed a higher affinity to FcγRIIa and FcγRIIb ( fig. 3A; table 2) . Antibodies harboring the S239D-I332E amino acid modification were more efficient in inducing NK cell-mediated ADCC than native IgG1 molecules. Impressively, this variant even triggered stronger ADCC than the triple Fc variant described by Shields and colleagues [57] . With regard to rituximab, the S239D-I332E variant showed improved ADCC activity with NK cells and a modest enhancement in ADCP by macrophages. In contrast, CDC activity was not affected. In non-human primates this S239D-I332E rituximab variant depleted half of the circulating B cells at an approximately 50-fold lower dose level than the non-engineered IgG1 counterpart [59] . The S239D-I332E modification was also applied to engineer a CD19 antibody [61, 62] . While the corresponding native CD19 IgG1 antibody had no B-cell depletion activity in monkeys, the Fc-optimized variant efficiently eliminated peripheral B cells [63] . The S239D-I332E variant was recently proven to enhance ADCC activity also in CD33 or CD133 antibodies targeting AML tumor cells [64] . While many Fc protein engineering approaches are based on substitution of selected individual amino acids, alternative strategies have been developed by exchanging larger amino acid stretches between different isotypes. These so-called cross-isotypes demonstrated interesting profiles of effector functions. For example, Kelton and colleagues [65] reported the engineering of an IgGA 'cross-isotype' antibody which combines selected effector functions of both IgG and IgA ( fig. 3B ). IgGA binds to FcαRI, FcγRI and FcγRIIa, while no binding to FcγRIIIa was observed. A trastuzumab IgGA potently activated both neutrophils and macrophages and mediated higher CDC than IgG1 or IgA antibodies.
Protein Engineering
Combining Glyco-and Protein Engineering
Most engineering strategies focus on either introducing amino acid exchanges in the protein backbone or in modifying the Fcbound glycosylation profile. Recently, also combined Fc engineering approaches have been described. The ADCC-optimized S298A-E333A-K334A Fc variant was glyco-engineered by expression in Lec13 cells to reduce fucose content. This double-engineered variant displayed improved NK cell-mediated ADCC activity [66] . Yet, in a similar approach employing S239D-I332E, S239D-I332E-A330L Fc variants, improved ADCC activity was not observed, although the affinity of FcγRIIIa binding was 10-fold increased [67, 68] . The gain in FcγRIIIa affinity for selected protein-engineered and glyco-engineered variants may therefore be based on different mechanisms. While protein-protein interactions are improved by amino acid substitutions, stronger interactions between Fc-and FcR-attached carbohydrates may account for improved FcR binding. These data may further suggest that a certain threshold in FcγRIIIa engagement has to be overcome to reach maximal NK cell-mediated ADCC. This threshold is already overcome by selected protein-engineered Fc variants or by non-fucosylated Fc parts. However, these findings need to be confirmed in a more complex in vivo situation.
Enhancing CDC Activity
Protein engineering could also be applied to improve IgG 1 antibodies' capacity to trigger CDC (table 3) . Several studies investigated the impact of selected amino acid substitutions in the CH2 domain on complement activation [69, 70] . Idusogie and colleagues [69] identified amino acids K326 and E333 to be critical in C1q binding. Moore et al. [70] analyzed a variety of Fc variants thereby unraveling S267, H268 and S324 to be important for effective CDC. Variants carrying K326W or E333S substitutions resulted in enhanced CDC activity. However, CDC was not further enhanced by their combination although it resulted in a 5-fold higher C1q binding capacity compared to variants carrying the individual substitutions. Interestingly, whereas variants carrying either K326W or E333S substitutions lacked significant ADCC activity, the double-mutant K326A-E333A demonstrated enhanced CDC activity, while ADCC activity was unaffected. A roughly 7-fold improvement in CDC activity was reached by exchanging three amino acids (S267E-H268F-S324T). This triple-mutant displayed substantially diminished ADCC activity, which could be restored by introducing two additional amino acid exchanges G236A and I332E, resulting in wild type-like ADCC activity and an even further enhanced CDC activity. An alternative approach was developed by Natsume and colleagues [71] by designing mixed IgG1/ IgG3 Fc variants with significantly enhanced CDC activity.
Most CDC-optimized Fc variants were designed to more potently trigger CDC while maintaining FcγR-mediated ADCC activity. Recently, Lee and colleagues [26] described novel Fc mutations enabling selective binding to C1q without concomitant engagement of Fcγ receptors. The engineered Fc domains were introduced into the rituximab antibody and potently triggered CDC. Moreover, even without FcγR engagement this antibody was capable of activating NK cells and macrophages in the presence of complement, presumably by interaction of opsonins deposited to target cells and complement receptors on effector cells. Thus, target cells were efficiently killed by CDCC and CDCP. Interestingly, in a preclinical in vivo mouse model the kinetics and efficacy of target cell clearance were comparable to those of molecules triggering FcγR-mediated effector functions.
Even though less well established, also glyco-engineering may be applied to modulate CDC activity of therapeutic antibodies. For example, Quast and colleagues [72] showed that high levels of terminal sialic acid significantly impaired CDC activity mediated by rituximab.
Dual ADCC and CDC Optimization
As outlined above, various engineering strategies aim at individually improving selected effector mechanisms, such as ADCC or CDC. The rational choice of an engineering strategy for clinical application is not trivial, because the relative contribution of individual effector mechanism to the therapeutic activity of monoclonal antibodies in vivo is not fully understood. Therefore, concomitant enhancement of different effector functions might be desirable [30] .
Natsume and colleagues [71] addressed this problem by reducing the fucose level in the background of IgG1/IgG3 mixed isotype variants. These variants demonstrated improved CDC activity compared to IgG1 and IgG3 variants, and interestingly enhanced NK cell-mediated ADCC activity. Wirt and colleagues [73] developed a similar approach by generating non-fucosylated variants of the EFTAE-Fc variant described by Moore and colleagues [70] . The EFTAE variant displays significantly improved C1q binding, resulting in stronger CDC-mediated lysis of tumor cells. The derived non-fucosylated variant, in addition to improved CDC activity, also demonstrated enhanced NK-cell mediated ADCC, due to high-affinity FcγRIIIa binding.
Based on the finding that IgG antibodies can organize into hexamers on the cell surface after antigen binding, thereby building optimal docking sites for C1q, de Jong and colleagues [74, 75] translated this natural concept to design antibodies with improved effector functions. Mutations that enhanced hexamer formation and complement activation by IgG1 antibodies were identified ( fig. 3C ). Especially Fc domains with E345K or E430G amino acid exchanges potently enhanced CDC activity and interestingly also improved ADCC in the background of selected antibodies.
Finally, in certain clinical settings, in which interactions with immune cells or complement can lead to adverse events, Fc-mediated functions may be undesirable. Thus, in sharp contrast to typical tumor targeting antibodies, antibodies which exclusively rely on target antigen binding or neutralization of receptors, such as certain immune checkpoint blockers, antibodies harboring immunological silent Fc domains may be advantageous. Non-immune stimulatory Fc domains were generated using different approaches [76] . This type of 'Fc silencing' technology has recently been applied to the anti-PD-L1 antibody atezolizumab.
Perspectives of Fc-Engineered Antibodies in Clinical Applications
Until 2017, three Fc engineered antibodies have received approval for clinical use in cancer therapy (table 4) . Two of them are typical tumor targeting antibodies that were optimized for enhanced effector cell recruitment by Fc glyco-engineering: mogamulizumab, which is specific for C-C chemokine receptor type 4 (CCR4) and which has been approved for the treatment of adult T-cell leukemia/ lymphoma (ATLL) in Japan in 2012, contains a non-fucosylated Fc domain generated by applying the Potelligent ® technology [77] . Obinutuzumab, which has received approval by the Food and Drug Administration (FDA) in the treatment of chronic lymphocytic leukemia (CLL) in 2016, is a low-fucose CD20 antibody that was generated by GlycoMAb TM technology [78] . In contrast, the third approved antibody, atezolizumab, which targets PD-L1 and which is employed for immune checkpoint blockade by blocking interaction of PD-L1 with its inhibitory receptor PD-1 on T cells, contains an aglycosylated Fc domain and lacks Fc receptor and complement binding [79] . This was achieved by replacing the N-glycosylation site asparagine 298 by alanine. Atezolizumab has been approved by the FDA for treatment of patients with locally advanced or metastatic urothelial carcinoma in 2016. In the next years, Fc-engineered antibodies are expected to gain increasing importance in particular in cancer therapy, and currently a variety of Fc-engineered antibodies targeting various antigens are in advanced stages of clinical development (table 5) . These include glyco-engineered antibodies (e.g. ublituximab) as well as protein-engineered antibodies (e.g. margetuximab, MOR208; fig. 3A ) generated by different Fc engineering technologies. Despite this obvious success, it is still not clear whether antibody Fc engineering indeed translates into a higher therapeutic CCR4 = C-C chemokine receptor type 4; PD-L1 = programmed cell death 1 ligand 1, FUT8 = alpha-(1,6)-fucosyltransferase; GNT III = N-acetylglucosaminyltransferase III; AA = amino acid; ATLL = adult T-cell leukemia/lymphoma; CLL = chronic lymphocytic leukemia. # Country-specific approval (Japan).
Modulating Cytotoxic Effector Functions by Fc Engineering to Improve Cancer Therapy
Transfus Med Hemother 2017;44:327-336 333 efficacy in patients since comparative studies with corresponding non-engineered antibodies are difficult to realize and have not been performed to date. Whereas atezolizumab and mogamulizumab have not been compared to native antibodies with the same target antigen specificity, obinutuzumab was tested head-to-head against the native IgG1 CD20 antibody rituximab. Intriguingly, in a phase III randomized trial in CLL patients under chlorambucil chemotherapy, obinutuzumab was superior compared to rituximab regarding overall response rates and median progression-free survival [80] , which may reflect benefits from Fc optimization. However, improved overall survival was not observed in other clinical trials or indications [81] . In addition, one may consider that the antibodies are not derived from the same clone and differ in more than one property. Thus, obinutuzumab not only is more efficacious in triggering ADCC as a consequence of Fc engineering, but is also more potent in inducing homotypic aggregation and direct target cell death, which may render it difficult to assess the impact of Fc engineering in this clinical setting. Expanding experience with Fc-engineered second-generation antibody variants of clinically approved antibodies such as CetuGEX, a glyco-engineered variant of the epidermal growth factor receptor-targeting antibody cetuximab that is currently tested in a clinical phase II trial, may offer the opportunity to compare efficacies of Fc-engineered antibodies versus native IgG1 counterparts and provide novel insights.
Conclusions
In the last two decades, monoclonal antibodies have revolutionized the therapy of cancer, although not all patients benefit. Currently, new generations of engineered antibodies are frequently entering the clinic with rationally designed effector functions. While strategies in improving antibodies' Fc affinity to selected FcγRs to improve immunotherapy of cancer is widely accepted, the concept of enhancing complement activation is still under debate and to our knowledge CDC-optimized antibody variants have not been tested in the clinic to date.
While a variety of engineered Fc variants have been described, detailed comparisons between larger panels of protein-engineered and/or glyco-engineered Fc variants with distinct profiles of effector functions are missing. Especially when analyzed in carefully designed in vivo models, such data may allow to unravel the relative contribution of selected effector cell populations to successful antibody therapy and to identify Fc variants with the highest potential in a given clinical application. Together with a more detailed understanding in the development and progression of diseases, the outlined technologies may allow the design of antibodies with tailor-made effector functions that are optimally suited for application in a given clinical situation. 
